ABSTRACT Yeast silent heterochromatin provides an excellent model with which to study epigenetic inheritance. Previously we developed an in vitro assembly system to demonstrate the formation of filament structures with requirements that mirror yeast epigenetic gene silencing in vivo. However, the properties of these filaments were not investigated in detail. Here we show that the assembly system requires Sir2, Sir3, Sir4, nucleosomes, and O-acetyl-ADP-ribose. We also demonstrate that all Sir proteins and nucleosomes are components of these filaments to prove that they are SIR-nucleosome filaments. Furthermore, we show that the individual localization patterns of Sir proteins on the SIR-nucleosome filament reflect those patterns on telomeres in vivo. In addition, we reveal that magnesium exists in the SIRnucleosome filament, with a role similar to that for chromatin condensation. These results suggest that a small number of proteins and molecules are sufficient to mediate the formation of a minimal yeast silent pre-heterochromatin in vitro.
INTRODUCTION
Nuclear DNA is packaged into chromatin with histones and other associated proteins and molecules. The nucleosome is the basic unit of chromatin organization. Approximately 146 base pairs of DNA are wrapped twice around an octamer core of histones (H2A, H2B, H3, and H4), comprising the first-level chromatin structure of a ∼10-nm bead-on-a-string nucleosomal array. Magnesium and linker histone (H1) are essential for higher-order chromatin structure condensation into ∼30-nm chromatin fibers (Sen and Crothers, 1986; Makarov et al., 1987; d'Erme et al., 2001; © 2017 Tung et al. Abbreviations used: AAR, O-acetyl-ADP-ribose; Ac, acetylation; AMP, monophosphate; EDS, energy dispersive spectrum; EM, electron micro scopy; H, histidine residue; K, lysine residue; MALDI-TOF, matrix-assisted laser desorption ionization time-of-flight; Me, methylation; me3, trimethylation; Sir, silent information regulator; TXRF, total reflection X-ray fluorescence; Y, tyrosine residue. Figure S1E ). This meant that the filaments were too large and too long to represent those expected for any one of the Sir proteins, single SIR complexes, or single nucleosomal dimers or tetramers (Supplemental Figure S1 , B-E). Furthermore, the lengths of filaments exhibited a bimodal distribution (712 ± 377 nm; maximum, 1962 nm; minimum, 123 nm; median, 701 nm; first mode of group, 300-350 nm; second mode of group, 850-900 nm; 354 samples; Figure 1A ). These varying lengths implied that end-to-end joining of oligonucleosome fragments occurred in the assembly reaction. AAR-stabilizing Sir3 interactions probably contributed to this finding (unpublished data). However, the detailed mechanism of how this process could cause an extended longer filament remains to be investigated. In our assembly system, we noted Strahl-Bolsinger et al., 1997) . Sir2 is a NAD-dependent histone deacetylase (Imai et al., 2000; Landry et al., 2000) that couples deacetylation with NAD hydrolysis and synthesizes a metabolic small molecule, O-acetyl-ADP-ribose (OAADPR, or simply AAR; Tanner et al., 2000; Sauve et al., 2001; Tanny and Moazed, 2001 ). Sir3 and Sir4 preferentially bind to the hypoacetylation of histone H3 and H4, which requires the enzymatic activity of Sir2 (Tanny and Moazed, 2001; Hoppe et al., 2002) . Furthermore, Sir2 and Sir3 bind to the telomeric and mating-type regions, which also requires Sir2 enzymatic activity (Tanny et al., 1999; Hoppe et al., 2002; Luo et al., 2002; Rusche et al., 2002) .
Purified Sir2 and Sir4 are present as a heterodimer containing varying amounts of Sir3 (Hoppe et al., 2002; Rudner et al., 2005) . Purified Sir3 exists as dimer and higher-order oligomers (Liou et al., 2005) . Deacetylation of histones and generation of AAR promote the association of multiple copies of Sir3 with Sir2/Sir4 and induce a dramatic structural rearrangement of the SIR complex (Liou et al., 2005) . Therefore deacetylation and AAR may be a requirement of and contribute to SIR complex assembly and silent heterochromatin formation, although it has been reported that both Sir2 and AAR can be bypassed in transcriptional silencing (Yang and Kirchmaier, 2006; Chou et al., 2008) .
AAR is generated by Sir2 family proteins from bacteria, yeast, and human, but its exact biological role and even its interaction partner(s) in the nucleus are not yet fully known. Hst2, a yeast Sir2 homologue, can cocrystallize with AAR and a histone peptide (Zhao et al., 2003) . Similarly, macroH2A1.1 (mH2A1), a histone variant, has been identified as a binding partner of ADP-ribose and AAR (Kustatscher et al., 2005) . Furthermore, it has been reported that Sir2 associates with AAR (Tung et al., 2012) .
Based on the spreading of SIR complexes along the chromatin fiber, a model of silent heterochromatin formation has been proposed (Hoppe et al., 2002; Luo et al., 2002; Rusche et al., 2002 ). An in vitro assembly system for filament structures has been developed using purified Sir proteins, yeast nucleosomes, and NAD (Onishi et al., 2007) . Although these filaments display requirements that closely mirror those observed in the formation of silent heterochromatin in vivo, the mechanisms and regulation of heterochromatin formation and even the detailed properties of in vitro-mimicking filament structures remain to be investigated.
In this study, we used molecular biological and biophysical methods, together with bioinformatics, to analyze the features of in vitro-assembled filament structures in an optimized assembly system. Using limited purified native proteins and molecules, we reconstructed a minimal yeast silent pre-heterochromatin that was modulated by AAR and magnesium.
RESULTS AND DISCUSSION

Validation of in vitro-assembled SIR-nucleosome filaments
In a previous study, we developed a filamentous structure assembly system in vitro using purified Sir proteins, nucleosomes, and NAD (Onishi et al., 2007) . The features of this filament were not well characterized, however, and the optimal reaction conditions also remained to be established.
First, we conducted analyses to verify the properties of these assembled filamentous structures. Under electron microscopy (EM), the filaments were clearly observed and easily distinguished from the ball-shaped structure of the nucleosome and Sir proteins. For each examination of the assembly reaction, we used at least two grids and at least three replicates. Typically, one to six filaments were observed within half the aperture of a 200-mesh grid. Overall the filaments were 15-20 nm (18.1 ± 1.9 nm) in diameter and >100 nm in length responsible for the formation of the SIR-nucleosome filaments in the assembly reactions. Next we wanted to determine whether AAR-a native enzymatic metabolite of Sir2-could regulate the formation of SIR-nucleosome filaments. As shown in Figure 2C , purified AAR (Supplemental Figure S2B ) promoted the formation of SIR-nucleosome filaments in our assembly reaction containing Sir2-H364Y. The same result was also observed in assembly reactions containing wild-type Sir2 in the presence of AAR but not in the absence of NAD ( Figure 2D ). After ultracentrifugation as described in the previous section, Sir4, Sir3, Sir2, and histone H3 were detected in the resuspended pellet portions of these filamentous structures by Western blot assays ( Figure 2G ). In addition, no filamentous structure was observed in assembly reactions containing the AMP control under both wild-type and mutant Sir2 conditions ( Figure 2 , E and F). Further, Sir4, Sir3, Sir2, and histone H3 were not detected in the putative pellet portions of these AMP control reactions by Western blot assays ( Figure 2G ). We conclude that the epigenetic metabolic small molecule AAR acts as a modulator to regulate the formation of SIR-nucleosome filaments.
The distributions of SIR proteins on SIR-nucleosome pre-heterochromatin filaments in vitro and on telomeres in vivo
With the use of EM and immunogold-labeled antibodies specific to each of the Sir proteins, each of the Sir protein types could be that only some proteins were assembled into filaments (45 ± 2, 18 ± 2, 33 ± 5, and 20 ± 1% for Sir2, Sir3, Sir4, and H3, respectively; Figure  1B ), possibly because our purified native nucleosomes contained various histone modifications that represent dynamically different chromatin states, such as euchromatin, heterochromatin, or chromatin under transcription/translation or replication. However, only the enzymatic substrates of Sir2 (i.e., the acetylation of histone lysine residues, such as H4K16Ac and H4K12Ac, but not other modifications of histone, such as H3K79Me and H4K20Me) should have been able to associate with Sir2 to initialize the first step of filament assembly. In the assembled filaments, acetylations of histone 4 lysine 12 and lysine 16 (H4K12Ac & H4K16Ac) and trimethylations of histone 3, lysine 36, and lysine 79 (H3K36me3 and H3K79me3) could not be detected. In contrast, trimethylation of histone 4 and lysine 20 (H4K20me3) was detected. However, a weak signal was detected by H4K8Ac antibody, and very minor signals of H4K5Ac and H3K4me3 were traceable in the assembled filaments ( Figure 1C ). These filaments may represent a yeast heterochromatin-like structure mimic in vivo. In addition, when any one of the Sir proteins, nucleosomes, or NAD was absent in our in vitro assembly system, no filaments were detected (Supplemental Figure S1 , F-I). These results indicate that all of these components are necessary for in vitro filament assembly and that the filaments might be SIR-nucleosome filaments. Because the filaments were not as wide as traditional 30-nm heterochromatin, they might represent an intermediate condensation state of heterochromatin and might continue to interact with other proteins/ molecules to further condense, so we call them SIR-nucleosome preheterochromatin filaments.
To determine the presence of Sir proteins and nucleosomes in the filaments using electron microscopy, we ultracentrifuged the assembly reactions at speeds sufficient to pellet down the filaments but not the individual reaction components. Aliquots of the resuspended pellet and supernatant portions were analyzed by Western blot and checked by electron microscopy (Figure 1, B , E, G, and I). Sir2, Sir3, Sir4, and histone H3 were all detected in the pellet portion when the filament assembly conditions included the presence of NAD ( Figure  1B , right) in the standard assembly system ( Figure 1C ). However, when NAD was absent from the assembly reaction, filamentous structures did not form (Figure 1, D, F , and H), as described previously. Under the same ultracentrifugation conditions, Sir2, Sir3, Sir4, and histone H3 could not be detected in the putative pellet portion ( Figure 1B, left) . Thus all Sir proteins and histone H3 protein contributed to the formation of these filamentous structures, and the assembled filaments can be considered SIR-nucleosome filaments.
Modulation of SIR-nucleosome filament assembly by AAR
Because AAR is known to play an important role in regulating SIR complex assembly (Liou et al., 2005) , we were interested to determine whether AAR also plays a distinct role in the mechanism of our SIR-nucleosome filament formation. We used an enzymatically inactive Sir2 mutant, Sir2-H364Y (Figure 2A and Supplemental Figure  S2A ), to address this issue. The mutation does not affect the ability of the protein to assemble into the SIR complex or the regulation of SIR complex assembly by AAR (Liou et al., 2005) . We used adenosine monophosphate (AMP) as another structure-based relative metabolic small molecule as a control. AAR can be degraded to AMP by the Ysa1 protein (Lee et al., 2008) , and AMP is recognized as an intermediate metabolite of AAR.
In contrast to SIR-nucleosome filaments containing wild-type Sir2 ( Figure 1C ), no long filamentous structure formed in the assembly reactions containing Sir2-H364Y in the presence of NAD ( Figure 2B ). This suggests that the enzymatic activity of Sir2 was detected on the filaments and displayed interesting and discontinuous localization patterns (Figure 3 , A-C). The major localization of Sir2 was at the terminal region of the filaments, whereas Sir3 was never detected in this region, and Sir4 was rarely localized there. The extent of distribution of Sir3 on filaments was similar to that of Sir4 but was greater than that of Sir2. In addition, the two discontinuous regions of Sir2 localization were more widely separated than the discontinuous regions of Sir3 localization and those of Sir4. We failed to detect immunogold signal for histone H3 or histone H4 antibodies on the filaments. This could be because the recognized epitopes were covered due to tight packaging of the nucleosomes, which are entirely surrounded by associated Sir proteins, thereby concealing the recognized epitopes on the outer surface of the filaments. We noticed that some filaments showed a helical shape (Figures 1, C and E, and 2, C and D) and that both the Sir3 and Sir4 signals seemed to show a helical distribution (Figure 3 , B and C). Whether these characteristics arise because Sir proteins tend to surround the nucleosomes helically or because of a feature of the filament itself remains to be investigated. Although purified Sir2/Sir4 and Sir3 are able to individually associate with histone proteins without NAD or AAR present, AAR is able to induce stoichiometric change and structural rearrangement of SIR complexes. Sir3 shows a higher affinity toward Sir2/Sir4 and histones after self-polymerization (Liou et al., 2005) . The results suggest that an individual Sir3 oligomer interacts with nucleosomes along some parts of the SIR-nucleosome filament in the absence of Sir2. However, we cannot rule out the possibility that Sir4 may also associate with nucleosomes in these regions lacking Sir2 due to either structural rearrangement of SIR complexes or Sir3 interaction with Sir4 (Liou et al., 2005) or to the possibility of individual Sir4s interacting with nucleosomes.
Using available data bank information (National Center for Biotechnology Information Gene Expression Omnibus: GSE3360, GSE65672) and the concept that SIR complexes binding to the telomere indicates the presence of silent heterochromatin, we plotted Sir2, Sir3, and Sir4 enrichment as a moving average function of distance from the telomeres (Sperling and Grunstein, 2009; Tung et al., 2013) to examine the distribution profiles of Sir2, Sir3, and Sir4 on telomeres. As expected, distributions of Sir2, Sir3, and Sir4 on the telomeric DNA regions for all chromosomes generally roughly overlapped ( Figure 3D ). Of interest, however, we found that the highest relative enrichment ratio of Sir2 on telomeres was at the termini, with signal decreasing thereafter, but with other signal peaks at around positions 2.5 and 6.5 kb. In contrast, the signals of highest relative enrichment ratio for Sir3 and Sir4 were not at the terminus but at around position 1.5 kb, with another broader signal peak at around position 6.5-7.5 kb. Thus the distribution pattern of Sir2 was not the same as for those of Sir3 and Sir4. In conclusion, these distribution patterns on telomeres in vivo agreed with the immunogold-labeling signal patterns on SIR-nucleosome pre-heterochromatin filaments in vitro.
SIR-nucleosome pre-heterochromatin filaments contain magnesium
We found that magnesium was required for pre-heterochromatin formation when modifying our assembly system to determine optimum reaction conditions. When the reaction buffer contained various cations such as calcium or zinc instead of magnesium, the assembled filaments were ∼10-15 nm (13.6 ± 2.1 and 12.7 ± 2.1 nm, respectively) in diameter and were thinner than the typical 15-to 20-nm (18.1 ± 1.9 nm) filaments assembled in the reaction buffer system containing magnesium (Figure 4 , A-D). The difference in the average values between the two groups (Mg vs. Ca, and Mg vs. Zn) was greater than would be expected by chance. That is, there was a statistically significant difference (p < 0.001). In contrast, the difference in the average values for Ca versus Zn was not sufficient to exclude the possibility that the difference was due to random variability. Hence there was not a statistically significant difference (p = 0.125; Figure 4D ). This finding suggests that magnesium functions in our system in a way similar to the well-known magnesium-dependent chromatin condensation.
It is possible that magnesium not only affects assembly processing, but also exists in the pre-heterochromatin filaments. We used energy dispersive spectrum (EDS) analysis of EM to explore this possibility. According to EDS, the spectral peaks of SIR-nucleosome pre-heterochromatin filaments revealed that the in vitro-assembled pre-heterochromatin contained magnesium ( Figure 4E ). We noted that the magnesium signal was weaker than the major carbon (supporting film on the grid) and copper (material of the grid) signals. However, this signal was more pronounced than background signals of the buffer control or signals of various reaction conditions (such as using zinc instead of magnesium; Figure 4F ). Moreover, the magnesium signal was present only in the pre-heterochromatin filaments and not in the individual reaction protein components, such as Sir2/4, Sir3, and nucleosomes. A zinc signal was not detected in the thinner filaments when zinc replaced magnesium in the reaction buffer ( Figure 4F ). In addition, total reflection x-ray fluorescence (TXRF) analysis revealed a significant magnesium signal in the SIR-nucleosome pre-heterochromatin filaments ( Figure 4G ). Together these results indicate that magnesium was chelated by the pre-heterochromatin filaments during their formation and is also required for pre-heterochromatin condensation. However, where and how the magnesium is chelated by protein(s) or DNA alone or cooperatively require further study. silver nitrate or Coomassie brilliant blue R520 to visualize protein bands. Purified AAR was verified by matrix-assisted laser desorption ionization time-of-flight mass spectrometry.
Assembly of SIR-nucleosome pre-heterochromatin
In vitro assembly reactions were based on previously described methods (Onishi et al., 2007; Tung et al., 2012) with optimized modifications. Purified Sir3 (∼0.8 mg/ml), nucleosomes (∼0.2 nM), and either wild-type Sir4/Sir2 (∼0.5 mg/ml) or mutant Sir4/Sir2H364Y (∼0.5 mg/ml) were incubated with or without NAD (∼10 mM), AMP (∼8 mM), or AAR (∼8 mM) (as prescribed by the indicated experimental design reaction conditions) in a reaction buffer (50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid-KCl, pH 7.6, 300 mM KCl, 4 mM MgCl 2 /CaCl 2 /ZnCl 2 ) of a 10-ml reaction volume. These mixtures were incubated at room temperature for 2-4 h or overnight with rocking at 4°C.
Ultracentrifugation of in vitro assembly reactions
Samples of various in vitro assembly reactions were subjected to ultracentrifugation at 100,000 × g for 30 min in a TLA-100 rotor using a Beckman Optima TL-100 ultracentrifuge. The supernatants and pellets were recovered, resolved by SDS-PAGE, and analyzed by Western blot with individual antibodies as indicated.
Assays of electron microscopy
Samples prepared for EM analysis were examined as previously described (Liou et al., 2001; Onishi et al., 2007; Chen et al., 2013) with some modifications. For negative-staining, 3-μl samples were individually absorbed onto a glow-discharged, 200-mesh copper grid covered with a carbon-coated collodion film, washed with three drops of distilled water, and stained with two drops of 0.75% uranyl formate. The samples were examined using an FEI Tecnai T12, a Hitachi H7650, a Jeol 1400, or a Jeol 2100F electron microscope. For immunogold labeling, 15-μl samples were individually absorbed onto a glow-discharged, 200-mesh nickel grid covered with a carbon-coated collodion film. The grids were then floated on 5% normal goat serum in phosphate-buffered saline (PBS) for 15 min and floated on the individual primary antibodies as indicated for 15-30 min. After six sequential washings with 20-μl droplets of 1% normal goat serum in PBS, the grids were floated for 15-30 min on the 10 nm gold-immunoglobulin G complexes. Grids were then washed sequentially with six droplets of 1% normal goat serum in PBS, followed by two 3-min washes with tripledistilled water. Grids were finally treated with two drops of 0.75% uranyl formate and examined by EM as for the negatively stained samples. For EDS analysis, the sample preparation procedure was the same as that used for negative-staining, and the elemental analyses were conducted using a Hitachi H7650 or a Jeol 1400 electron microscope equipped with an EDS detector.
Total reflection x-ray fluorescence analysis TXRF analysis was conducted on a S2 PICOFOX instrument. Briefly, 10 μl of sample was spotted on the quartz slide, dried on a heating plate, and set onto the polished carrier disk to detect the signals by an XFlash detector.
Recently a reconstruction of condensed mitotic chromatids using minimal components in vitro was reported (Shintomi et al., 2015) . However, the condensed structure and the cellular function of mitotic chromatids may be different to those of silent heterochromatin. Condensed mitotic chromatids are involved in chromosome segregation during cell division and should be more densely packaged. Silent heterochromatin involves dynamic changes from active euchromatin during DNA repair, recombination, replication, and gene expression. Therefore the heterochromatin structure could be less condensed to more easily and efficiently process chromosome remodeling.
In conclusion, our reconstructed minimal yeast silent SIR-nucleosome pre-heterochromatin should be a good candidate material for further research in the fields of molecular biology, epigenetics, and small molecules.
MATERIALS AND METHODS
Purification of proteins and AAR
Methods for the purification of Sir3, Sir4/Sir2, Sir4/Sir2H364Y, native yeast nucleosomes, and AAR were based on previously described methods (Liou et al., 2005; Onishi et al., 2007; Tung et al., 2012) . Protein samples were separated on SDS-PAGE and then stained by 
